Abstract Ribonucleotide reductases (RNRs) catalyze the reduction of ribonucleotides to their corresponding deoxyribonucleotides, playing a crucial role in DNA repair and replication in all living organisms. Class Ib RNRs require either a diiron-tyrosyl radical (YÁ) or a dimanganese-YÁ cofactor in their R2F subunit to initiate ribonucleotide reduction in the R1 subunit. Mycobacterium tuberculosis, the causative agent of tuberculosis, contains two genes, nrdF1 and nrdF2, encoding the small subunits R2F-1 and R2F-2, respectively, where the latter has been thought to serve as the only active small subunit in the M. tuberculosis class Ib RNR. Here, we present evidence for the presence of an active Fe 2 III -YÁ cofactor in the M. tuberculosis RNR R2F-1 small subunit, supported and characterized by UV-vis, X-band electron paramagnetic resonance, and resonance Raman spectroscopy, showing features similar to those for the M. tuberculosis R2F-2-Fe 2 III -YÁ cofactor. We also report enzymatic activity of Fe 2 III -R2F-1 when assayed with R1, and suggest that the active M. tuberculosis class Ib RNR can use two different small subunits, R2F-1 and R2F-2, with similar activity.
Introduction
Ribonucleotide reductases (RNRs) catalyze the conversion of ribonucleotides to their corresponding deoxyribonucleotides in all living organisms, providing the essential building blocks required for DNA replication and repair [1, 2] . Three main classes of RNRs have been characterized on the basis of their structure, allosteric regulation, and metallocofactors required for nucleotide reduction: classes I, II, and III. All three classes share a common radicalbased catalytic mechanism, where nucleotide reduction is initiated through the reversible one-electron oxidation of a conserved cysteine residue to a thiyl radical in the catalytic subunit. The different classes use different cofactors to generate the thiyl radical [3] . The oxygen-dependent class I RNRs, which share the same structural fold, consist of two subunits designated a and b, and contain a dimetal-oxygen cluster that in most cases is coupled to a nearby tyrosyl radical (YÁ) [2] . Furthermore, class I RNRs are divided into three subclasses, Ia, Ib, and Ic, on the basis of the identity of the metal cluster. In class Ia RNRs, found in eukaryotes, some viruses, and some prokaryotes such as Escherichia coli, there is a l-oxo-bridged diferric tyrosyl radical (Fe 2 III -YÁ) cofactor. In class Ib RNRs, found in a wide variety of prokaryotes such as E. coli, Mycobacterium tuberculosis, Corynebacterium ammoniagenes, Bacillus subtilis, and Bacillus cereus [4] , there may be either an Fe 2 III -YÁ or a Mn 2 III -Y cofactor, whereas the class Ic RNR, so far only well characterized in the obligate intracellular pathogen Chlamydia trochomatis, utilizes a stable, heterodinuclear Mn IV Fe III cofactor to initiate catalysis [5, 6] . The class II RNRs use a cobalt-containing deoxyadenosylcobalamin (vitamin B 12 ) as a radical-generating cofactor [7] , whereas class III RNRs have a glycyl radical generated by an ironsulfur cluster together with S-adenosylmethionine [3, 8] .
M. tuberculosis, the infectious agent causing tuberculosis, contains a class Ib RNR system, encoded by the nrdE and nrdF genes, coding for the large, catalytic subunit (R1E/NrdE) and the small, cofactor-housing subunit (R2F/ NrdF), respectively, in addition to the putative class II RNR, encoded by nrdZ [9, 10] . The simultaneous presence of more than one class of RNRs in some organisms may be due to adaptation to different O 2 levels in the environment [11] . Further complexity is also provided in the case of M. tuberculosis class Ib RNR by the presence of two genes, nrdF1 and nrdF2, encoding the class Ib small subunits (R2F-1 and R2F-2, respectively) [9, 10] . Previous studies have shown that R2F-2 containing the Fe 2 III -YÁ cofactor is enzymatically active when assayed with the M. tuberculosis large subunit R1, hence being able to form a functional class Ib RNR [9, 10, 12] . In contrast, the alternate class Ib RNR small subunit R2F-1 has been suggested to be unable to substitute for R2F-2 in the active class Ib RNR system. As previous attempts at characterizing R2F-1 at the protein level, performed by Yang et al. [9] , resulted in insoluble cytoplasmic inclusion bodies, biochemical investigation of the M. tuberculosis class Ib RNR has only been performed using purified R2F-2 [9] . The absence of soluble R2F-1 protein in the latter study could be a consequence of the high temperatures used for gene expression. On the basis of these results, as well as inhibition studies performed with C-terminal R2F peptides, R2F-2 was assumed to be the only active R2F subunit in M. tuberculosis [9] . The two nrdF genes coding for the R2F subunits, nrdF1 and nrdF2, have 71 % identity and 83 % sequence similarity at the amino acid level, and are both homologous with other class Ib RNRs [9] . Additionally, both M. tuberculosis R2F subunits have been shown to contain the conserved tyrosine residue responsible for active tyrosyl radical generation, together with the conserved metal-binding residues where the dimetal clusters are coordinated by four carboxylates and two histidines [13] . The residues responsible for forming the hydrophobic pocket into which the l-oxo bridge of the Fe 2 III -YÁ cofactor can project are also conserved in the two M. tuberculosis R2Fs [9, 12] .
It has been shown that the nrdF1 gene is expressed at a level comparable to that of nrdF2, suggesting that it may serve a cellular role; however, expression of nrdF1 and nrdF2 is not controlled in a similar fashion [10] . Although several genetic studies have been performed on the class Ib RNR from M. tuberculosis [9, 10, 14, 15] , they have provided sufficient biochemical and biophysical evidence for the biological role and characterization of R2F-1.
Here, we present spectroscopic evidence for the presence of an active Fe 2 III -YÁ cofactor in the M. tuberculosis class Ib RNR R2F-1 small subunit, supported by UV-vis and X-band electron paramagnetic resonance (EPR) spectroscopy, showing characteristics similar to those previously observed for M. tuberculosis R2F-2 [12] . Further, we present the first characteristics of the tyrosyl radical in both M. tuberculosis class Ib RNR small subunits, R2F-1 and R2F-2, performed by resonance Raman spectroscopy. Most importantly, we report enzymatic activity of R2F-1 containing the Fe 2 III -YÁ cofactor when assayed with R1, showing specific activity similar to that of the R2F-2 subunit, suggesting that R2F-1 is able to substitute for R2F-2 in the active M. tuberculosis class Ib RNR.
Materials and methods
Cloning, expression, and purification N-terminally tagged His 6 -R1, His 6 -NrdI, His 6 -R2F-1, and His 6 -R2F-2 from M. tuberculosis M. tuberculosis H37Rv R1 (Rv3051c), NrdI (Rv3052c), R2F-1 (Rv1981c), and R2F-2 (Rv3048c) [16] were cloned by PCR, and the constructs were inserted into the pET-46 Ek/LIC vector (Novagen), introducing an N-terminal His 6 -tag. All constructs were sequenced to confirm the correct inserts prior to transformation into competent E. coli BL21 (DE3) Gold cells (Stratagene). Cells containing pET-46 Ek/LIC-R1, pET-46 Ek/LIC-NrdI, pET-46 Ek/LIC-R2F-1, or pET-46 Ek/LIC-R2F-2 were grown in terrific broth containing 100 lg mL -1 ampicillin. Protein expression was induced by adding isopropyl b-D-1-thiogalactopyranoside to a final concentration of 0.5 mM, and the cultures were incubated for 12-16 h at 291 K with vigorous shaking before harvesting. Cells containing pET-46 Ek/LIC-R2F-2 were, in addition, grown in medium supplemented with 100 lM 1,10-phenanthroline 20 min prior to induction. The proteins were lysed in a French press and purified by nickel nitrilotriacetic acid agarose (Qiagen) and sizeexclusion chromatography (HiLoad 16/60 Superdex 200, GE Healthcare). His 6 -R1 and His 6 -NrdI were stored in 50 mM tris(hydroxymethyl)aminomethane-HCl, pH 7.5 and 1 mM dithiothreitol, whereas His 6 -R2F-1 and His 6 -R2F-2 were stored in 50 mM N-(2-hydroxyethyl)piperazine-N 0 -ethanesulfonic acid (HEPES), pH 7.5 and 200 mM Na 2 SO 4 .
M. tuberculosis R2F-1
To increase protein solubility, M. tuberculosis R2F-1 was also cloned, expressed, and purified without an N-terminal His 6 -tag. Gene expression and protein purification were performed as described previously [17, 18] . In brief, the nrdF1 gene cloned into a pET-22b plasmid was ordered from GenScript. The vector was then transformed into competent E. coli BL21 (DE3) Gold cells (Stratagene). Cells containing pET-22b-R2F-1 were grown in terrific broth containing 100 lg mL -1 ampicillin. Protein expression was induced by adding isopropyl b-D-1-thiogalactopyranoside to a final concentration of 0.8 mM, and the culture was incubated for 12-16 h at 293 K with vigorous shaking before harvesting. The frozen cell paste was lysed using an X-press Ò [19] . The R2F-1 protein was purified by ion-exchange (HiTrap HP Q, GE Healthcare) and size-exclusion (Superdex 200, GE Healthcare) chromatography, and stored in 50 mM HEPES, pH 7.5 and 200 mM Na 2 SO 4 . The two R2F subunits show differences in the level of expression and stability during protein purification, where R2F-1 has been shown to be less soluble and give a lower protein yield than R2F-2. However, the N-terminally tagged His 6 -R2F-1 showed an even lower solubility compared with the untagged R2F-1 protein, the latter being used for characterization.
Reconstitution of the tyrosyl radical in M. tuberculosis R2F-1 and R2F-2
After purification, R2F-1 and R2F-2 proteins (when expressed without 1,10-phenanthroline) were treated with a metal chelator solution containing 8-hydroxyquinoline, as described previously by Atkin et al. [20] with some modifications, and were passed through a 5 mL HiTrap desalting column (GE Healthcare) to remove iron and to quench the tyrosyl radical before reconstitution with Fe II . Protein reactivation of apo-R2F-1 or apo-R2F-2 was performed with addition of excess Fe II and O 2 , using a solution of (NH 4 ) 2 Fe(SO 4 ) 2 Á6H 2 O, pH * 2.3, giving a ratio of seven Fe II atoms to one R2F.
UV-vis spectroscopy
The active M. tuberculosis R2F-1 and R2F-2 proteins were analyzed by UV-vis spectroscopy using either a JASCO V-560 UV-vis spectrophotometer or an Agilent 8453 diode-array UV-vis spectrophotometer. 
X-band EPR experiments
X-band EPR spectra of M. tuberculosis R2F-1 and R2F-2 between 4 and 50 K were recorded using a Bruker Elexsys 560 EPR spectrometer equipped with an Oxford Instruments ESR900 helium flow cryostat, and a Bruker ER41116DM dual-mode cavity or a Super X kv319 cavity. All samples contained 10 % (v/v) glycerol for vitrification during the low-temperature recordings. EPR spectra were measured at different microwave powers, and quantified by double integration of the spectra recorded under nonsaturating conditions, compared with standards of 50 mM HEPES, pH 7.5, and 500 lM Cu II SO 4 in HClO 4 (0.4 YÁ per R2F-2, consistent with quantifications reported previously [12] ). First-derivative spectra were recorded at different microwave powers (P) and at various temperatures to determine the microwave power at half saturation (P 1/2 ) for each temperature examined. The data were fitted as described previously [21] [22] [23] [24] .
Simulation of EPR spectra EPR spectra of M. tuberculosis R2F-1 and R2F-2 were simulated using the EasySpin package [25] . The experimental spectra are nearly identical; thus, the previously published [12] R2F-2 g tensor, which was determined using high-field EPR spectroscopy, and proton hyperfine splitting tensors were used as initial simulation parameters. Although the g tensor was fixed during the simulations, both R2F-1 and R2F-2 were simulated assuming three A tensors (A Hb , A H3,5 , and A H2,6 ). Both spectra were simulated using the esfit module (Levenberg/Marquardt mode), with first-order perturbation theory for resonance energies, and a gstrain model to fit the line widths.
Resonance Raman spectroscopy A HORIBA Jobin Yvon T64000 instrument operating in single-grating mode was used for resonance Raman spectroscopy. A Kaiser Optical Systems holographic SuperNotch filter (410 nm) ensured effective Rayleigh light retention, and the spectral width of 2.56 cm -1 was obtained by setting the entrance slit width to 100 lm and use of a grating with 2,400 grooves per millimeter. Each Raman spectrum was a result of averaging 40 scans of 90 s. Samples were kept in EPR tubes cooled with liquid N 2 in a cold-finger EPR cryostat made of quartz. Fluorescence was subtracted by fitting the spectra with moderate-degree polynomial expressions, and Raman frequencies were calibrated against well-known spectra of 4-acetamidophenol (tylenol) [26] . Only the samples were moved during the experiment, and the spectrograph was kept fixed all the time. The final accuracy achieved was about 0.5 cm
. Laser light was provided by a three-stage system consisting of a Spectra Physics Millennia Pro 12sJ Nd:YVO 4 laser serving as a pump laser (6 W at 532.1 nm) for a Matisse-TR Ti:sapphire ring laser emitting approximately 1 W at 820 nm that was finally converted to 410 nm through a WaveTrain frequency doubler yielding 20 mW, which was attenuated to 2 mW at the sample via the optical parts.
Activity measurements of M. tuberculosis R2F-1 and R2F-2 with R1 Activity assay conditions were chosen on the basis of work previously described by Yang et al. [9] , with some modifications. Activities were determined from the rate of reduction of [ 3 H]cytidine diphosphate. With optimized assay conditions, M. tuberculosis class Ib RNR activity for the two different small subunits, R2F-1 and R2F-2, was determined in 100 lL reaction mixtures containing 50 mM tris(hydroxymethyl)aminomethane-HCl, pH 7.5, 20 mM MgCl 2 , 1.8 mM adenosine triphosphate, 8 mM dithiothreitol, and 0.2 mM [ 3 H]cytidine diphosphate (98,200 cpm min -1 nmol -1 ). R2F-1 or R2F-2 (2 lg ) was titrated with R1 (0-60 lg), and the reaction mixtures were incubated at 310 K for 10 min, the reactions were terminated at 369 K for 5 min, and the reaction mixtures were cooled on ice and centrifuged at 14,000g. The samples were applied to columns packed with Affi-Gel boronate affinity gel (Bio-Rad Laboratories), regenerated with 0.1 M sodium boronate pH 8.9, and equilibrated with 15 mM MgCl 2 and 50 mM (NH 4 ) 2 CO 3 /NH 4 HCO 3 , pH 8.9. The 2 0 -deoxycytidine diphosphate formed was analyzed as described previously [27] , where one enzyme unit (EU) is defined as 1 nmol of 2 0 -deoxycytidine diphosphate produced per minute, and specific activity is expressed as EU per milligram of R2F-1 or R2F-2 protein.
Results and discussion
UV-vis spectroscopy of iron-reconstituted M. tuberculosis R2F-1 and R2F-2 Both M. tuberculosis apo-R2F-1 and M. tuberculosis apo-R2F-2 can be reconstituted with excess ferrous iron and O 2 to the Fe 2 III -YÁ state, but only the latter was described previously [9, 12] . However, the iron-loaded R2F-1-YÁ was considerably less stable than the corresponding R2F-2-YÁ, which is likely the reason for a minor degree of protein precipitation at room temperature, leading to increased light scattering and a lower YÁ and diiron oxygen cluster yield in R2F-1 as compared with R2F-2 (Fig. 1) . The UV-vis spectra of the 10 lM iron-reconstituted R2F-1 and R2F-2 proteins both display peaks at 408 nm, characteristic of a tyrosyl radical (Fig. 1) . The maximum yield of YÁ was obtained with 7 equiv of Fe II per R2F dimer. The radical content in the UV-vis spectroscopy protein samples was estimated to be 0.15 YÁ per R2F-1 and 0.25 YÁ per R2F-2 on the basis of the subtracted radical peak spectra, using e 410 = 3.9 mM
Low-temperature EPR studies of M. tuberculosis R2F-1 and R2F-2
The tyrosyl radicals in the iron-reconstituted samples of M. tuberculosis R2F-1 and R2F-2 were analyzed by lowtemperature EPR spectroscopy. X-band (9.4-GHz) absorption derivative spectra were recorded over a temperature range from 3.8 to 20 K for both proteins. The experimental and simulated spectra of R2F-1 and R2F-2 are shown in Fig. 2 (X-band, 20 K). As usual, hyperfine splittings from several protons dominate the spectral envelope. Minor differences in the radical resonance envelope were observed when comparing R2F-1-Fe 2 III -YÁ with R2F-2-Fe 2 III -YÁ. The anisotropic g-tensor components are not resolved at X-band frequency; however, they have previously been determined for R2F-2 using high-field EPR spectroscopy at 285 GHz (g x = 2.0092, g y = 2.0046, and g z = 2.0022) [12, 29] . The high g x value observed for R2F-2 indicates no hydrogen bonding to the tyrosyl-oxygen radical [30, 31] , in agreement with Raman spectroscopy studies performed on both R2F-2 and R2F-1 (see below), indicating that the proteins are similar. Therefore, we assume that the tyrosyl radical in R2F-1 has the same gtensor components as R2F-2. The X-band EPR microwave power saturation properties of R2F-1 at 3.8 K [data not shown, b values equal to 1, P 1/2 (3.8 K) = 0.07 mW] indicate relaxation properties of the radical system consistent with those of previously described R2 proteins [2, 32, 33] . The X-band EPR spectra of M. tuberculosis R2F-1 and R2F-2 were simulated on the basis of previously published hyperfine coupling parameters for M. tuberculosis R2F-2 [12] . The M. tuberculosis R2F-1 and R2F-2 X-band spectra from this work are nearly identical and display well resolved, nearly identical anisotropic hyperfine coupling parameters (Table 1) , strongly resembling the previously published R2F-2 X-band EPR spectra. On the basis of calculations performed by Himo et al. [34] , and the corresponding diagram showing the relationship between the hyperfine coupling parameter tensors of the b protons and the rotation angle, we have estimated the dihedral angle h for the tyrosyl radical in both R2F-1 and R2F-2 to be around 75°. This value is similar to the h angle previously reported for M. tuberculosis R2F-2 [12] and Salmonella typhimurium [35] , in agreement with similar EPR spectral features [35] (Table 1) .
Resonance Raman spectroscopy
Raman spectroscopy makes possible characterization of structural details via detection of changes in spectral patterns, band frequencies, band widths, and intensities. In this case, the vibrational characteristics of tyrosyl radicals are sensitive to the presence of exchangeable acidic hydrogens located close to the phenoxyl oxygen. Laser excitation near the absorption maximum of tyrosyl radicals, which typically falls around 410 nm, causes a significant enhancement of the Raman signals associated with C-O stretching [36] . This concerns particularly theṽ 7a mode (Wilson notation for benzene) [37] , making possible detection of changes in out-of-plane bond angles, as well as changes in the local charge and dielectric environment affecting the radical state. The vibrational mode of major interest,ṽ 7a , is observed near 1,496 cm -1 for both R2F-1 and R2F-2 (Fig. 3, Table 2 ). Typically,ṽ 7a falls within the 1,495-1,500 cm -1 range when no phenolate oxygen hydrogen bond is present. However, in the presence of a hydrogen bond, also shown by electron-nuclear double resonance [38] , as in the case of mouse R2, theṽ 7a mode shifts to higher levels (1,515 cm -1 ). The latter study also reported a 5 cm -1 downshift of the mouse R2 protein when reconstituted in D 2 O (Table 2) , as discussed in more detail in [2, 39] . In the case of R2F-1, no such deuterium shift is observed, whereas an almost negligible downshift of 1 cm -1 appears for R2F-2. This indicates that either there is no exchangeable hydrogen adjacent to the radical or that a possible proton cannot exchange under this experimental III -YÁ and R2F-2-Fe 2 III -YÁ. a Spectra of both samples (75 and 100 lM for R2F-1 and R2F-2, respectively, where the intensity of the latter has been multiplied by a factor of 0.75 to compensate for the protein concentration difference) (solid lines) were recorded at 20 K under nonsaturated conditions [32 lW microwave power for R2F-1 (brown line) and 40 lW microwave power for R2F-2 (blue line)], with a modulation amplitude of 0.2 mT. R2F-1 was recorded with 9.38 GHz microwave frequency, whereas R2F-2 was recorded with 9.40 GHz microwave frequency. Simulations for both spectra are shown as dashed lines, with corresponding colors as described. The spectrum simulations show the EPR line when contributions from the anisotropic hyperfine terms due to the two included H3, H5 protons, the Hb 1 proton, and the two H2, H6 protons. b An overlay of the two corresponding R2F-1 and R2F-2 EPR spectra, illustrating the nearly identical features condition. However, the most likely explanation is the first, as also observed for the E. coli (1,497-1,501 cm -1 ) [36] and B. cereus (1,500 cm -1 ) [21] class Ia R2s ( Table 2 ).
The weaker band observed at 1,553 cm -1 is due to dioxygen that tends to accumulate in the cryostat, and contamination of solid CO 2 is evident from the modes at 1,384 cm -1 and 1,284 cm -1 (not shown). A broad band associated with CH 2 deformation in glycerol appears around 1,466 cm -1 [40] , and the band at 1,405 cm -1 most likely is caused by the presence of tyrosinate [41] .
Enzyme activity
Under conditions where R2F-1 or R2F-2 is the limiting species (2 lg), with a saturating amount of R1 (R1 concentration approximately 9 times higher than the R2F concentration ), the specific activity of the R2F-1 subunit was 180 (s ± 48) EU mg -1 R2F-1, whereas the specific activity of the R2F-2 subunit was 170 (s ± 18) EU mg -1 R2F-2. These results show high and similar specific activity for both R2F-1 and R2F-2 under standard conditions, consistent with the previously reported activity for the R2F-2 subunit [9] . Importantly, these results are the first to demonstrate catalytic activity of the second putative M. tuberculosis class Ib R2F-1 subunit when assayed with the large subunit, R1. The relative large standard deviation calculated for the specific activity of R2F-1 can likely be explained by R2F-1 instability for this protein, as also observed during protein purification and active R2F-1-Fe 2 III -YÁ generation. The degree of protein precipitation at the low protein concentrations used for the activity measurements is assumed to be low. However, if a minor degree of R2F-1 protein precipitation is present, this could cause the specific activity to appear lower than that under optimal experimental conditions.
Comparison of R2F-1 and R2F-2 M. tuberculosis R2F-1 and R2F-2 are homologous, with 71 % sequence identity, 83 % sequence similarity, and similar amino acid sequence length (324 residues in R2F-2 and 322 residues in R2F-1). An alignment of the R2F-1 and R2F-2 sequences indicates that the metal-binding residues are identical in the two R2F proteins, and are thus most likely structurally very similar to R2F-2, where the dimetal clusters are coordinated by four carboxylates and two histidines, as for most class Ia and Ib RNRs [13] (Fig. 4a) . Furthermore, the sequence alignment suggests a high level of structural similarity in the vicinity surrounding the dimetal sites and the coordinating residues, as also revealed by the homology model of R2F-1, compared with the structure of R2F-2 (data not shown) [42] . Owing to differences in the amino acid composition in the C-terminal tail of R2F-1 and R2F-2, it has previously been suggested that R2F-2 is the only complementing subunit that can function to form an active holoenzyme complex with R1 [9, 42] . The final model of the R2F-2 crystal structure solved by Uppsten et al. [42] lacks the terminal 33 residues owing to disorder. A disordered C-terminus appears to be a common feature among the R2 proteins. This is likely a functional feature as it has been shown that the C-terminal part of the R2 proteins interacts with the R1 protein in the active holoenzyme [43] [44] [45] . Sequence alignment demonstrates a 70 % sequence identity among these 33 residues between R2F-1 and R2F-2. Inhibition studies using C-terminal peptides analogous to the seven C-terminal residues of R2F-1 and R2F-2 have previously demonstrated that peptides corresponding to the C-terminal tail of R2F-1 inhibit RNR activity (R2F-2 assayed with R1) to a fivefold lower extent than peptides corresponding to the C-terminal tail of R2F-2 [9] . Hence, it has been suggested that the R2F-1 subunit would have to be present in concentrations higher than the R2F-2 subunit in order to form an active a 2 b 2 holoenzyme complex. The seven C-terminal residues in the two R2Fs differ by only two amino acids, where Glu- , and E. coli R2F (Protein Data Bank ID 3N39) [51] , representing the conserved core residues shown to be involved in the hydrogen-bonding network in the NrdI-R2F interface in the class Ib ribonucleotide reductase. The conserved residues are also present in M. tuberculosis R2F-1, showing high structural similarity to the corresponding M. tuberculosis, B. cereus, and E. coli R2F structures. The figure was prepared using PyMOL [53] J Biol Inorg Chem (2014) 19:893-902 899 318 and Asp-320 in R2F-2 have been replaced with Thr-316 and Thr-318, respectively, in R2F-1. The loss of the two carboxylates in R2F-1 might result in changes in the R2F-R1 affinity, as previously suggested [9] . However, such peptide inhibition studies had never previously been performed on an active R2F-1-R1 complex, and had only been performed on the active R2F-2-R1 complex [9] . As demonstrated in our study, similar specific activity reported for the R2F-1-R1 and R2F-2-R1 complexes suggests that the affinity of R2F-1 for R1 must be substantial to form an active holoenzyme complex. This also suggests that peptide inhibition of the active R2F-2-R1 complex with C-terminal peptides corresponding to the different R2Fs does not provide adequate information about R2F-R1 binding and activity with respect to the different R2Fs, providing limited information compared with activity measurements performed using purified full-length proteins, as performed in this study. Even though R2F-2-Fe 2 III -YÁ has been shown to be stabler than R2F-1-Fe 2 III -YÁ at higher concentrations, similar catalytic activity for both R2Fs suggests that the M. tuberculosis class Ib enzyme can use both R2F-2 and R2F-1 under similar in vitro conditions. Previous studies suggesting that R2F-2 is the only in vivo active small subunit in M. tuberculosis were not based on protein characterization. However, genetic studies performed by Mowa et al. [15] have shown that loss of the nrdF1 gene in M. tuberculosis does not make the mutants more sensitive to drugs or UV irradiation, nor does it affect the virulence of M. tuberculosis as compared with the wild-type strains [15] . The same study also showed that the loss of nrdF1 affected the expression of nrdF2 to a small extent; however, the effect of an nrdF2 deletion mutant on nrdF1 expression was not investigated. Also, different experimental conditions were not examined, which could provide additional information. Studies performed by Dawes et al. [10] have shown that nrdF2 is essential for growth of M. tuberculosis (on the basis of knockout of the gene), and that it is expressed at a level comparable to that of nrdF1 under low O 2 -level tension [10] . On the basis of the latter results and findings from this study, we suggest that both R2F subunits can be used in the class Ib RNR in M. tuberculosis. However, a more extensive characterization comparing the roles of R2F-1 and R2F-2 as functional M. tuberculosis class Ib RNR YÁ generating subunits is still required. A 3D structure of R2F-1 would also provide useful information regarding the function of this protein.
The Mn 2 III -YÁ cofactor in M. tuberculosis class Ib RNR An increasing number of studies have reported that class Ib RNRs containing the Mn 2 III -YÁ cofactor has a higher specific activity compared with the iron form of the enzyme [46, 47] , and that the Mn 2 III -YÁ cofactor can be formed both in vitro and in vivo [21, 48] . However, specific activity for the M. tuberculosis class Ib RNR containing the active Mn 2 III -YÁ cofactor has never been confirmed. Our attempts to reconstitute the active Mn 2 III -YÁ cofactor in M. tuberculosis R2F-1 and R2F-2 in the presence of M. tuberculosis NrdI using previously described procedures [47, 49] were unsuccessful (data not shown). Nonetheless, the presence of NrdI in the M. tuberculosis genome suggests that this bacterium could also be able to generate a Mn 2 III -YÁ cofactor in both small R2F subunits. A 3D structural alignment of the M. tuberculosis R2F-2 crystal structure with the structures of the class Ib R2F subunits of B. cereus and E. coli from the NrdI-Fe 2 -R2F and NrdI-Mn 2 II -NrdF crystal complexes [50, 51] reveals a high level of conservation of the amino acids lining the R2F interface in the NrdI-R2F binding site between M. tuberculosis, B. cereus, and E. coli, including the charged and polar residues suggested to create a hydrophilic environment used for channeling of O 2 Á-needed for active Mn 2 III -YÁ cofactor generation [52] . A comparison of the M. tuberculosis R2F-2 and B. cereus and E. coli NrdI-R2F structures highlighting the conserved residues lining the NrdI-R2F core binding interface in the R2s is shown in Fig. 4b . The conserved residues lining the R2F binding site are identical in R2F-1 and in R2F-2, as seen from sequence alignment, indicating a close structural similarity. This core interface is likely essential for recognition between R2s and NrdIs in class Ib RNRs. This proposes a similar NrdI binding to the R2F-1 and R2F-2 surface in M. tuberculosis class Ib RNR, required for Mn 2 III -YÁ cofactor generation, as seen in previously solved NrdI-R2F crystal complex structures [50, 51] . The simultaneous presence of two R2F subunits in the class Ib RNR in M. tuberculosis could also play a role in discrimination of metal ion incorporation during distinct growth conditions, varying between the two R2F subunits and distinguishing between generation of a Mn 2 III -YÁ cofactor and an Fe 2 III -YÁ cofactor. Incorporation of different metal ions could be a consequence of variable O 2 levels or metal status, and could possibly influence the viability of cells in different habitats.
Conclusion
In this study, we expressed and purified the previously uncharacterized and previously assumed inactive M. tuberculosis class Ib RNR alternate R2F-1 subunit, and demonstrated catalytic activity for R2F-1 when assayed with R1. The results were compared with those for the well-characterized R2F-2 subunit, showing similar specific activity. Furthermore, we used UV-vis, X-band EPR, and resonance Raman spectroscopy to investigate the ironreconstituted tyrosyl radicals from both R2F-1 and R2F-2, revealing nearly identical features. These findings suggest that M. tuberculosis can alternate between two radicalgenerating subunits in the class Ib RNR under the same in vitro conditions, differing from other characterized organisms expressing this class of RNR. However, further investigations are required for a deeper understanding of the biological relevance of the presence of two catalytically active subunits.
The conserved metal ion coordination environment, investigated spectroscopically, supports the generation and stabilization of an Fe 2 III -YÁ cofactor in R2F-1 analogous to the previously characterized YÁ in R2F-2. A sequence alignment of the R2F-1 and R2F-2 surface residues with those of the E. coli [51] and B. cereus structures of R2F in complex with NrdI also reveals the presence of common conserved residues suggested to serve in the recognition between R2s and NrdIs in class Ib RNRs. This opens up the possibility of active Mn 2 III -YÁ cofactor generation in both M. tuberculosis class Ib small subunits.
